Characterization of the intermetallic compounds in aluminium and copper friction stir spot welds by Mubiayi, Mukuna P. & Akinlabi, Esther Titilayo
  
5th International Conference of Materials Processing and Characterization (ICMPC 2016) 
Characterization of the intermetallic compounds in aluminium and 
copper friction stir spot welds 
Mukuna P. Mubiayi*, Esther T. Akinlabi  
Department of Mechanical Engineering Science, Faculty of Engineering and the Built Environment, University of Johannesburg 
 Johannesburg, South Africa 
 
Abstract 
Dissimilar metal joining techniques are necessary for the manufacturing of a number of structures and parts in the industries. The 
spot welds of aluminium and copper were produced using two different tool geometries, different rotational speeds and tool 
shoulder plunge depths. This paper presents the characterization of the intermetallic compounds using X-Ray diffraction (XRD) 
and Energy Dispersive Spectroscopy (EDS) techniques in the Stir Zone (SZ). Furthermore, the microhardness test was performed 
to investigate the effect of the intermetallics on the microhardness values. The XRD results showed that, the most common 
intermetallic compounds formed in the spot weld samples were Al4Cu9, Al Cu3, Al2Cu3 and Al2Cu, which also showed low peaks 
intensity. Moreover, the Energy Dispersive Spectroscopy (EDS) analysis also revealed the presence of intermetallic compounds 
in the Stir Zone and which correlated to the X- ray diffraction analyses.  
Higher microhardness values were obtained in the stir zone for all the welds due to the smaller grains present in this region 
resulting from the frictional stirring of the tool. The high hardness values correlated to the high peaks of the intermetallics formed 
at the interface. 
©2015 Elsevier Ltd. All rights reserved. 
Selection and peer-review under responsibility of Conference Committee Members of 5th International Conference of Materials 
Processing and Characterization (ICMPC 2016).   
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1. Introduction  
Many emerging applications in power generation and the chemical, petrochemical, nuclear, aerospace, industries 
and the manufacturing has led to the development of FSW and FSSW for similar and dissimilar materials.  
Friction Stir Welding (FSW) is a solid–state joining technique invented and patented by The Welding Institute 
(TWI) in 1991 for butt and lap welding of ferrous and non–ferrous metals and plastics. FSW is a continuous process 
that involves plunging a portion of a specially shaped rotating tool between the butting faces of the joint. The 
relative motion between the tool and the substrate generates frictional heat that creates a plasticized region around 
the immersed portion of the tool [1].  
Prior to the development of FSW, conventional fusion welding processes were used to join similar and dissimilar 
materials. Aluminium and copper are difficult to weld with conventional welding processes, due to their high 
reflectivity and thermal conductivity. Brittle intermetallic phases develop in the joint zone; since copper and 
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aluminium are not very soluble in one another in the solid state. These intermetallic phases lower the toughness of 
the weld, and lead to cracks during and after welding [2]. 
Friction Stir Spot Welding (FSSW) is a variant of FSW for spot welding applications, as shown in Fig. 1. The 
process consists of plunging a non-consumable rotating tool into the workpieces to be joined.  Upon reaching the 
desired plunge depth, the rotating tool is held in that position for a desired time. This is also referred to as the dwell 
period.  Subsequently, the rotating tool is retracted from the welded joint, leaving behind a friction stir spot weld. As 
with traditional resistance spot welding, FSSW is limited to lap joint configurations [3].  
Friction Stir Welding and Friction Stir Spot Welding processes use a non-consumable rotating tool consisting of 
a pin extending below a shoulder that is forced into the adjacent mating edges of the work pieces. The heat input, the 
forging action, and the stirring action of the tool induces a plastic flow in the material, forming a solid state weld. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic illustration of Friction Stir Spot Welding process [4]. 
Nonetheless, FSW of aluminium to copper remains not yet fully researched; because, in addition to the different 
melting temperatures of the materials, the high chemical affinity of both base materials promotes the formation of 
brittle intermetallic Al/Cu phases [5-12]. Furthermore, there are limited studies on FSSW, especially the FSSW of 
copper to aluminium. Recently, Mubiayi and Akinlabi [13] investigated the microstructural evolution of Friction Stir 
Spot Welding between AA1060 and commercially pure copper. Heideman et al. [14], on the other hand conducted 
metallurgical analyses of AA6061-T6 with an average hardness of 58 HRB and oxygen-free pure copper, using the 
Friction Stir Spot Welding process. Özdemir et al. [15] investigated the effect of pin penetration depth on the 
mechanical properties of the FSS Welded AA1050 and pure copper. Shiraly et al. [16] conducted a study on the 
FSSW of Al/Cu composite produced by the accumulative roll-bonding process using AA1050 and pure copper as 
the parent materials. The aluminium-to-copper welding is increasingly used in some practical applications, such as 
heat transfer equipment, wiring and aesthetical applications [17]. Özdemir et al. [15] conducted Energy Dispersive 
Spectroscopy analysis to investigate the presence of intermetallic compounds, results revealed the formation of hard 
and brittle intermetallics of AlCu and Al2Cu formed at the interface. On the other hand, Shiraly et al. [16] found in 
the Stir Zone (SZ), intermetallics of AlCu and AlCu3 using X Ray Diffraction (XRD) technique. The presence of the 
intermetallics and the material crushing increased the hardness in the Stir Zone [16]. Furthermore, FSSW of pure 
copper was successfully conducted by Sanusi et al. [17].  
In the current research work, Friction Stir Spot Welding process was used to lap join AA1060 to C11000. The 
presence of intermetallic compounds was investigated using Energy Dispersive Spectroscopy (EDS) and X Ray 
Diffraction (XRD) techniques in the Stir Zone (SZ) of the spot welds. Furthermore, the effect of the presence of the 
intermetallics on the evolving hardness of the joint was also investigated.   
2. Experimental work  
The Friction Stir Spot Welds were produced at the eNtsa of the Nelson Mandela Metropolitan University 
(NMMU), Port Elizabeth, South Africa using an MTS PDS I-Stir machine. Two different tools geometries were 
 3 
used, namely flat pin and flat shoulder (FPS) and conical pin and concave shoulder (CCS). The tools characteristics 
are depicted in Table 1.  
Table 1. FSSW Tool designs, dimensions and features 
 
 
Pin ɸ 
(mm) 
Pin length 
(mm) 
Shoulder ɸ 
(mm)                     Features 
 
Design A 
 
     5 
 
        4 
 
      15 Flat pin and  shoulder (FPS) 
           
 
Design B 
 
    5 
 
        4 
 
      15 Conical pin and concave shoulder 
(CCS) 
           
 
2.1. Materials, process parameters and procedures  
Plates of AA1060 (Aluminium) and C11000 (Copper), each 3 mm thickness, 600 mm length and 120 mm in 
width were spot lap welded. The plates were friction stir spot welded in a 30 mm overlap configuration.  The 
chemical composition of the two parent materials was determined using a spectrometer (Q4 TASMAN). Table 2 and 
3; show the chemical composition of AA1060 and C11000 respectively. The spot welds samples were cut by using 
Wire Electrical Discharge Machining (WEDM), grinded and polished, mounted and prepared, using the ASTM 
standard metallographic procedure [18-20]. 
                                             Table 2. The chemical composition of AA1060 (in wt %) 
Element  Si Fe Ga Others Al 
Obtained  0.058 0.481 0.011 0.05 Balance  
 
                                  Table 3. The chemical composition of C11000 (in wt %) 
Element  Zn Pb Ni Al Co B Sb Nb Others Cu 
Obtained  0.137 <0.1 0.02 0.023 0.012 0.077 0.036 0.043 <0.492 Balance 
 
The Friction Stir Spot welds were conducted at rotational speeds of 800 and 1200 rpm, the tool shoulder plunge 
depths employed were 0.5 and 1 mm using a constant dwell time of 10 seconds. The welding process parameters are 
listed in Table 4.  
 
 
Table 4. Weld matrix and tool geometries  
Shoulder plunge 
depth(mm) 
  
Tool rotational 
speed(rpm) 
Shoulder 
diameter (mm) 
    
Experiments Sample designation Tool features 
      
0.5 1 800 15 FPS_800_0.5 
4  
0.5 2 1200 15 FPS_1200_0.5 Flat pin and  shoulder (FPS) 
1 3 800 15 FPS_800_1 
1 4 1200 15 FPS_1200_1 
0.5 5 800 15 CCS_800_0.5 
0.5 6 1200 15 CCS_1200_0.5 Conical pin and concave shoulder (CCS) 
1 7 800 15 CCS_800_1  
1 8 1200 15 CCS_1200_1   
 
Surface morphology and qualitative analyses of the produced spot welds were performed using the Scanning 
Electron Microscopy combined with the Energy Dispersive Spectroscopy (SEM/EDS) respectively. A TESCAN 
equipped with Oxford instrument X-Max was used for the SEM/EDS analyses. On the other hand, the X Ray 
Diffraction (XRD) analyses were conducted in the Stir Zone (SZ) for the phase’s identification, this was done to 
identify the possible presence of intermetallic compounds. A D8 Discover diffractometer with Cu tube using a 
recording range from 20o to 125o and a step size of 0.04o was used. A 0.8 mm collimator was used for a reliable 
identification of the phases. Furthermore, the Vickers microhardness profiles were measured from the Stir Zone in 
the middle of the copper ring at a load of 100 g and dwell time of 15 seconds. A diamond pyramid indenter EMCO 
test DuraScan microhardness machine was used. The standard recommended test method for Vickers microhardness 
of metallic samples is a 1 to 120 kgf load; and the chosen 100g to be used for this research study was based on the 
literature sources [21-23]. 
3. Results and discussions 
3.1. Scanning Electron Microscopy and Energy Dispersive Spectroscopy (SEM/EDS) 
Fig. 2 (a) and (b) present the microstructure of the Stir Zone (SZ) of the spot welds produced using 800 and 1200 
rpm at 0.5 mm shoulder plunge depth respectively. The tool used was a flat pin and a flat shoulder. It was observed 
that a good material mixing, showing a distribution of Cu particles and fragments with irregular shapes and various 
sizes, was seen in the spot welds produced when using a rotational speed of 800 rpm; whereas at a rotational speed 
of 1200 rpm, large copper fragments were present, this can be attributed to the degree of stirring resulting from the 
rotation of the tool at various rotational speeds.   
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Fig. 2. Microstructure of the Stir Zone (SZ) of the spot weld produced at 800 (a) and 1200 rpm (b), 0.5 mm shoulder plunge depth using a flat pin 
and a flat shoulder. 
The EDS analyses were carried out in the Stir Zone (SZ). Three intermetallic compounds, namely: AlCu, Al4Cu9 
and Al2Cu were found in the weld produced at 800 rpm, 0.5 mm shoulder plunge depth; whereas the weld produced 
at 1200 rpm and 0.5 mm shoulder plunge depth contained Al2Cu and Al3Cu4 intermetallic compounds. On the other 
hand, the Al4Cu9 and AlCu intermetallics were found in the weld produced at 1200 rpm and 1 mm shoulder plunge 
depth.  Only Al4Cu9 intermetallic was found in the weld produced at 800 rpm and 0.5 shoulder depth; whereas 
Al4Cu9 and AlCu were present in the weld produced at the same rotational speed, but with a 1 mm shoulder plunge 
depth. Three intermetallics, namely: Al2Cu, AlCu and AlCu3 were present in the weld produced at 1200 rpm and 0.5 
shoulder plunge depth; while only AlCu was found in the weld produced at 1200 rpm and 1 mm shoulder plunge 
depth. It has been reported that the presence of the intermetallic compounds in the joint interface could preferentially 
favour the development of a crack during the shear tensile analysis [15].  In the current research work, it was 
observed that the weld heat input varied with the variation of the rotational speed. Therefore, high heat generation 
could lead to the formation of intermetallic compounds in the Stir Zone of the spot welds since intermetallic 
compounds have been reported to be thermally activated [9].   
The presence of intermetallics in the produced welds were further investigated by using the XRD technique. Fig.3 
depicts the SEM/EDS results of the SZ of the weld produced at 800rpm, 0.5 mm shoulder plunge depth using a flat 
pin/ flat shoulder tool.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Scanning Electron Microscopy image and Energy Dispersive Spectroscopy spectrum and chemical percentages of the weld produced at 
800 rpm, 0.5 mm shoulder plunge depth using a flat pin and a flat shoulder of the Stir Zone. 
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3.2. Phase identification using XRD 
The results of the XRD analysis performed in the Stir Zone (SZ) revealed the presence of intermetallic 
compounds. These results were in correlation with the EDS results.  
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Fig. 4. X-ray diffractogram of the Stir Zone of the weld produced at 800 rpm, 0.5 mm shoulder plunge depth using a conical pin and a concave 
shoulder tool.  
A number of different intermetallics were found in the produced spot welds. Intermetallics of Al Cu3, Al4Cu9, 
Al2Cu, Al3Cu2, Al2Cu3, AlCu were found in the SZ of the weld produced at 800 rpm, 0.5 mm shoulder plunge depth 
using a flat pin and a flat shoulder tool; whereas AlCu3, Al4Cu9, Al2Cu, Al3Cu2 were found in the SZ of the weld 
produced at the same process parameters, but when using a conical pin and a concave shoulder tool. Fig.4. depicts 
the XRD diffractogram for the Stir Zone of the CCS_800_0.5 sample. Because of their low concentrations in the 
different samples, the intermetallic compounds could not be well identified. Similar results were obtained by 
Akinlabi [10]. Furthermore, intermetallic compounds were found in all the analyzed spot samples. This could be due 
to the fact that the welds were produced at one spot; where the amount of heat generated was high, which could lead 
to the formation of intermetallic compounds; since they are thermally activated phases [9]. Furthermore, a study 
conducted by Galvao et al. [24] confirmed and justified the presence of a high melting point for intermetallic 
compounds, such as Cu9Al4 (1030oC) in the characterized samples when using XRD. They further justified that this 
was due to the occurrence of the thermo mechanically induced solid state diffusion.  
3.3. Microhardness  
The Vickers microhardness measurements (HV 0.1) were conducted in the middle of the copper ring penetrating 
into the aluminium plate of the samples.  Fig. 4 and 5 show the microhardness values of the spot welds produced by 
using a flat pin and flat shoulder tool, and a conical pin and a concave shoulder, respectively, at different process 
parameters. 
 
Al
Cu
3 
Al4
Cu
9 
Al
2C
u 
Al
3C
 7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Microhardness distributions along the welds produced using a flat pin and a flat shoulder tool at different process parameters.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Microhardness distributions along the welds produced using a conical pin and a concave shoulder at different process parameters.  
The base material microhardness values are in the range of 86.7- 96.3 HV for Cu; whereas for Al, the range is 
between 34.6- 40.3 HV. In all the samples, high microhardness values were recorded in the region close to the 
keyhole. It has been reported that the presence of hard and brittle intermetallic compounds could have caused the 
sudden increase of microhardness in the Stir Zone [16]. Furthermore, Shiraly [16] stated that the higher 
microhardness values around the keyhole have good consistency with the Cu layers severely broken up into fine 
particles that are randomly dispersed. However, the highest microhardness values were possibly due to the presence 
of the intermetallic compounds [16]. The highest microhardness values of 63.8 HV, 415 HV, 153 HV and 154 HV 
were obtained for FPS_800_0.5, FPS_800_1, FPS_1200_0.5 and FPS_1200_1, respectively.  
On the other hand, the maximum microhardness values of 123 HV, 140 HV, 109 HV, and 93.3 HV were obtained 
for CCS_800_0.5, CCS_800_1, CCS_1200_0.5 and CCS_1200_1, respectively. 
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4. Conclusions 
In summary, AA1060 Aluminium and C11000 Copper were Friction Stir Spot Welded using various process 
parameters. The presence of intermetallic compounds and their effect on the evolving microhardness of the 
produced spot welds was investigated. The following conclusions can be reached:   
 The microstructure showed a good material mixing, a distribution of Cu particles and fragments with 
irregular shapes and various sizes in the aluminium matrix.  
 It was observed that there is a correlation between the Energy Dispersive Spectrometry (EDS) and the X-Ray 
Diffraction (XRD) results which showed the presence of intermetallic compounds in the Stir Zone (SZ).  
 The hardness values were high in the Stir Zone (SZ) for all the produced spot samples, this was attributed to 
the presence of hard and brittle intermetallic compounds although, and they are in low concentrations.      
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